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ABSTRACT 
We have developed a prototype time-resolved neutron imaging detector employing a 
micro-pattern gaseous detector known as the micro-pixel chamber (µPIC) coupled with 
a field-programmable-gate-array-based data acquisition system.  Our detector system 
combines 100µm-level spatial and sub-µs time resolutions with a low gamma sensitivity 
of less than 10-12 and high data rates, making it well suited for applications in neutron 
radiography at high-intensity, pulsed neutron sources.  In the present paper, we 
introduce the detector system and present several test measurements performed at 
NOBORU (BL10), J-PARC to demonstrate the capabilities of our prototype.  We also 
discuss future improvements to the spatial resolution and rate performance. 
Keywords: Neutron imaging, Micro-pattern gaseous detector, Neutron resonance 
absorption spectroscopy, Neutron Bragg-edge transmission 
 
1. Introduction 
	 The micro-pixel chamber (µPIC), a micro-pattern 
gaseous detector, has been developed in our group at 
Kyoto University [1].  The µPIC, manufactured by 
DaiNippon Printing Co., Ltd., using standard printed 
circuit board techniques, features a 400-µm pitch and 
two-dimensional strip readout (Fig. 1), coupled with a 
fast, compact field programmable gate array (FPGA) 
based data acquisition system.  Detectors 
incorporating the µPIC have already been successfully 
developed for applications ranging from MeV 
gamma-ray astronomy [2] to medical imaging [3] to 
small-angle X-ray scattering [4].  By adding a small 
amount 3He to the gas mixture, the µPIC becomes an 
effective thermal neutron area detector [5]. 
Using the µPIC, we have developed a prototype 
time-resolved neutron imaging detector with 
100µm-level spatial and sub-µs time resolutions, 
技術ノート	 
 
Fig.1  Schematic diagram of the µPIC.  Anode 
pixels connected on the backside by copper strips 
with orthogonal cathode strips on the topside 
produce a two-dimensional readout. 
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excellent gamma rejection, and high-rate capability 
[6,7].  The detector is well suited for use at pulsed 
neutron sources where imaging is combined with 
neutron energy measured via time-of-flight (TOF).  
The prototype employs a time-projection-chamber, 
consisting simply of a drift cage and 10 × 10-cm2 
µPIC, contained within an aluminum vessel (Fig. 2).  
Neutrons are detected via absorption on 3He with 18% 
efficiency at 25.3 meV using Ar-C2H6-3He (63:7:30) 
gas at 2-atm total pressure and a gas depth of 2.5 cm.  
The fast, FPGA-based data acquisition system records 
both the energy deposition (via time-over-threshold, or 
TOT, without the added expense and complexity of 
ADCs) and 3D tracking information (2D position plus 
time) for each neutron event. 
Fig.2  Photograph of the neutron imaging detector 
prototype and diagram showing a cut-away of the 
detector vessel with a 5-cm drift cage (a 2.5-cm drift 
cage is currently installed). 
 
Our detector currently achieves a spatial resolution 
of 100 to 120 µm, time resolution less than 0.6 µs, and 
gamma sensitivity below 10-12.  Preliminary testing 
of a recent upgrade to the data acquisition hardware 
showed an increase in neutron count rate from 200 to 
700 kcps (kilo-counts-per-second), with ~3 Mcps 
expected after optimization of the FPGA code and gas 
mixture.  Additionally, the detector can operate for 
~2 years per gas filling, lowering the consumption of 
3He gas (one filling requires only 1 to 2 liters).  The 
good time resolution and high-rate capability make 
our detector particularly suited to TOF-based 
techniques such as neutron resonance absorption 
spectroscopy [8] and Bragg-edge transmission [9,10]. 
In the present paper, we introduce our detector and 
show the results of several test measurements, 
followed by a discussion of recent and future 
improvements to the detector.  All data analysis was 
carried out using custom software based on the ROOT 
object-oriented framework [11]. 
 
2. Operating principle 
The absorption of low energy neutrons on 3He 
produces a proton-triton pair with total kinetic energy 
of ~764 keV and a combined track length of ~8 mm in 
the 2-atm gas of our detector.  The range of the 
proton is about three times that of the heavier triton, 
making the separation of the two particles essential for 
an accurate determination of the neutron interaction 
position.  As the proton and triton emerge essentially 
back-to-back, tracking alone is not sufficient, and 
additional information, in the form of the energy 
deposition (estimated via time-over-threshold), must 
be utilized to perform the separation. 
This is illustrated in Fig. 3, which shows a neutron 
interaction event measured with our prototype system.  
Fig. 3(a) shows the track, given by the relative time 
and strip number of each hit, and Fig. 3(b) shows the 
associated TOT distribution.  While tracking alone 
gives no indication of the neutron interaction point, 
the TOT distribution clearly displays the Bragg peaks 
of the proton and triton, facilitating their separation. 
Fig.3  Measured proton-triton track.  (a) Position 
(strip number) versus time and (b) TOT for each hit 
strip are shown.  The neutron position (dashed line) 
and the slow rise of the proton Bragg peak (arrow) 
are indicated in (b). 
 
In addition to aiding in the neutron position 
reconstruction, the combination of the 3D tracking and 
energy deposition via TOT provides a powerful means 
for rejecting background on an event-by-event basis, 
achieving an effective gamma sensitivity of less than 
10-12 (95% confidence level) while maintaining stable, 
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robust neutron identification.  Such a low sensitivity 
is possible due to the fact that neutron interactions in 
our detector produce proton-triton tracks with similar 
track lengths and energy deposition, while gammas 
and protons scattered by fast neutrons produce a range 
of both.  Additionally, the characteristic shape of the 
TOT distributions for proton-triton tracks allows us to 
positively identify these events even when background 
events overlap in track length and/or total energy 
deposition.  Further discussion of the background 
rejection and the determination of the gamma 
sensitivity are given in Ref. [6]. 
 
3. Demonstration measurements 
We have carried out several test experiments at 
NOBORU (NeutrOn Beamline for Observation and 
Research Use), BL10 at the Materials and Life 
Science Experimental Facility (MLF) located within 
the Japan Proton Accelerator Research Complex 
(J-PARC) [12].  Examples of radiography, neutron 
resonance absorption, and Bragg-edge transmission 
measurements are given below. 
 
3.1 Neutron radiography 
For imaging, the neutron position is found by fitting 
the measured TOT distributions event-by-event with 
the expected distributions determined using a 
GEANT4 [7,13] simulation of our detector system.  
Using this method, we achieved a spatial resolution of 
100 to 120 µm, with the lower value obtained by 
applying strict tracking quality cuts at a cost of about 
68% of neutron events.  A detailed study of the 
spatial resolution can be found in Ref. [7]. 
Fig. 4 shows images of a wristwatch (February 
2011) and the sensitivity indicator (SI) and beam 
purity indicator (BPI) described in Ref. [14] (March 
2012).  The images, with ~120 µm resolution, were 
obtained at NOBORU using a collimator ratio (L/D) 
of 1875 and measurement times of 29 (wristwatch) 
and 25 (indicators) minutes.  In particular, the seven 
vertical slits of the SI, with widths from 250 down to 
13 µm, show the spatial resolution, while the virtual 
invisibility of the Pb disks of the BPI is a consequence 
of the excellent gamma rejection of our detector. 
 
3.2 Neutron resonance absorption 
Neutron resonance absorption techniques take 
advantage of the tendency of some nuclides to 
preferentially absorb neutrons at specific energies, 
unique to each nuclide, to study isotopic composition 
and temperature [8].  Resonance absorption can be 
directly observed by measuring the neutron 
transmission of the sample, Tr(TOF), calculated as: 
Tr(TOF) = I(TOF)I0 (TOF)
     (1) 
where I(TOF) and I0(TOF) are the neutron intensities 
measured with and without the sample, respectively.  
Due to the preferential absorption, the transmission 
will show sharp drops near a resonance, typically 
occurring for neutrons with energies above 1 eV, or a 
TOF of less than 1 ms at NOBORU. 
Fig. 5 shows the preliminary results of a computed 
tomography (CT) measurement performed at 
NOBORU in December 2012.  The sample, 
consisting of Cu, Mo, W, Ag, and In rods with 
diameters from 2 to 6 mm (Fig. 5(a)), was measured at 
16 angles (~14 × 106 neutrons per angle) with the axis 
of rotation aligned along the length of the rods, and 
images of a single CT slice were reconstructed (Fig. 5 
(b—f)).  The indicated neutron TOF cuts, chosen to 
select resonances at 2039 and 579 eV (Cu), 45 eV 
(Mo), 19 eV (W), 5.2 eV (Ag), and 1.5 eV (In), clearly 
enhance the individual elements in each image. 
Fig.5  Resonance CT. a) Photo of sample from 
above, and b—f) computed tomography images of 
specific elements selected using neutron TOF (b: Cu, 
c: Mo, d: W, e: Ag, and f: In). 
 
3.3 Bragg-edge transmission 
Bragg edges appear as jumps in the transmission at 
the point where the neutron wavelength exceeds the 
Bragg-scattering condition for a particular set of 
crystal planes, and are observed for energies down to a 
few meV (or for a TOF up to about 20 ms at 
NOBORU).  From the position (in wavelength) of 
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Fig.4  Radiographic images taken at NOBORU.  
Images of a) a wristwatch, and b) sensitivity (upper) 
and beam purity (lower) indicators. 
 
the Bragg edge, one can determine the crystal spacing 
(d = λ/2), and by studying the shape of the spectrum in 
the vicinity of the edge, one can learn about crystal 
properties such as grain size and texture [9,10]. 
As one example, Bragg-edge transmission and a 
TOF-capable area detector such as ours can be used to 
make a 2D map, in a single measurement, of the 
component of strain along the beam direction.  This 
is achieved by using the crystal as a microscopic strain 
gauge, with the strain component, ε, given by: 
! =
d ! d0
d0
        (2) 
where d (d0) is the strained (unstrained) crystal spacing.  
By taking six such measurements, the entire strain 
tensor can be reconstructed. 
Fig. 6 shows preliminary results for a welded steel 
sample measured at NOBORU in June 2010.  The 
sample, consisting of a 1-cm thick section of two 316L 
stainless steel plates joined by a double TIG weld, is 
shown in Fig. 6(a), along with a schematic indicating 
the beam (and strain) axis.  Fig. 6(b) shows the 
Bragg-edge spectra for the weld area and each steel 
plate, with edge spacing consistent with an FCC 
(Face-Centered-Cubic) crystal structure.  Fig. 6(c) 
shows the estimated strain distributions for the upper 
and lower weld regions.  The measured strain 
indicates the weld is under tension (i.e., it has a higher 
value of strain relative to the steel plates).  See Ref. 
[15] for details about the measurement and data 
analysis. 
 
4. Detector improvements 
Recently, we have upgraded our data acquisition 
hardware, replacing a bulkier system originally 
developed some 10 years ago for use in low-rate, 
Compton gamma imaging µPIC applications [16,17] 
(Fig. 7, upper) with a compact, modular data encoder 
combining new low-power ASICs (Application 
Specific Integrated Circuits) and an FPGA on a single 
board (Fig. 7, lower).  The new system was tested at 
NOBORU in February 2013, where we confirmed a 
maximum neutron rate of 700 kcps (compared to 200 
kcps for the previous system).  After further 
optimizing the FPGA logic, follow-up tests at Kyoto 
University using a µPIC X-ray imaging detector and 
X-ray generator indicated that a neutron rate of ~920 
kcps can be achieved with the improved logic.  
Furthermore, by calculating TOT on the FPGA 
(currently being implemented) and increasing the 
stopping power of the gas, we can significantly reduce 
the amount of data generated by each neutron event 
and increase the counting rate to the order of 3 Mcps, 
as described in Ref. [7].  We also plan to upgrade the 
data transfer from the current VME (via 32-bit parallel 
transfer at 50 MHz) to SiTCP (via Gigabit Ethernet) to 
eliminate the loss of live time caused by the slow 
VME-to-PC transfer speed suffered by the current 
system and increase overall ease-of-use. 
Fig.7  Photographs of previous data acquisition 
hardware (upper) and new compact, modular 
encoder (lower).  Our prototype uses four new-type 
boards (for 256 anode and 256 cathode channels). 
 
Using our detector simulation, we have also 
identified several ways to improve the spatial 
Fig.6  Strain scanning via Bragg-edge transmission. 
Shown here: a) welded steel sample (weld area 
indicated by white lines), b) neutron TOF spectra for 
weld region and steel plates (with Miller indices of 
prominent edges), and c) longitudinal strain for 
upper and lower weld regions. 
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resolution, including: 1) optimization of the gas 
mixture for reduced electron diffusion and/or shorter 
track lengths, 2) reduction of the gain variation of the 
µPIC through tighter manufacturing controls, and 3) 
reduction of the strip pitch of the µPIC.  We estimate 
a reduction of ~45% in the spatial resolution (i.e., to 
less than 60 µm) after making these improvements to 
the detector [7].  In addition, we can increase the 
efficiency of our detector by increasing the fraction of 
3He included in the final gas mixture.  Table 1 lists 
the operating parameters of our current prototype 
detector along with those expected after optimization.  
 
Table 1  µPIC operating parameters for current 
prototype and those expected after optimization. 
 
Parameter µPIC µPIC 
(optimized) 
Spatial 
resolution 100–120 µm ~60 µm 
Time 
resolution < 0.6 µs 
Efficiency 
@25.3meV 18 % > 30 % 
Counting rate 
(counts/s) > 700 kcps ~3 Mcps 
Gamma 
sensitivity < 10
-12 
Typical area 100 – 900 cm2 
 
5. Conclusion 
We have developed a time-resolved neutron 
imaging detector which achieves 100-µm spatial 
resolution, 0.6-µs time resolution, gamma sensitivity 
less than 10-12, and neutron counting rate > 700 kcps.  
Further improvements to the detector, as outlined here, 
should yield a spatial resolution of ~60 µm and a 
neutron counting rate of nearly 3 Mcps.  Furthermore, 
the simple structure of our detector in conjunction 
with the flexibility of printed circuit board technology 
allows the possibility of adopting a modular structure, 
with each individual module operating at ~3 Mcps.  
We have also shown that by combining 
high-resolution imaging with event-by-event TOF 
measurement, our detector becomes a powerful and 
flexible tool for radiographic studies at pulsed neutron 
sources. 
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